Nowadays, there is an increasing concern about the use of less harmful techniques to the environment, and about road safety in Transportation Engineering. Heterogeneous photocatalysis based on the application of semiconductors materials onto asphalt mixtures is a promising technology because it can mitigate air pollution and road accidents. The functionalized asphalt mixtures with photocatalytic capability can degrade pollutants, such as damaging gases and oil/greases over their surface from specific reactions triggered by sunlight photons, providing significant environmental and social benefits. In this communication, a brief review of photocatalysis applied in asphalt mixtures will be presented.
INTRODUCTION
Road pavements must be able to withstand the effects promoted by vehicle traffic and also by the climate actions, ensuring driving conditions to meet requisites related to safety, comfort, economy and with low environmental impact on the surrounding ecosystems. Most of the recent researches about road pavements aim to improve the mechanical behavior of asphalt mixtures, but recently the functionalization and multifunctional capabilities have become a very important subject, as the asphalt pavements have a large area and can contribute to other aspects that will be discussed in this paper.
As described by Han 1 , a smart and multifunctional cement/asphalt/polymer concrete is a material with properties that differ from the conventional ones, which can react to external stimulus complying with those requirements, such as stress and temperature. These properties can be self-healing, self-sensing, electrically conductive, electromagnetic and thermal. A smart and multifunctional material is achieved through composition design, special processing, introduction of new functional components, or modification of the microstructure of the conventional ones 1 .
The smart and multifunctional concretes, by their smartness or function, are classified by smartness, mechanical function, electrical function, optical function, electromagnetic wave/radiation shielding/absorbing function, function related to water and energy-harvesting function. The optical functions are light-transmitting, light-emitting and photocatalytic ability 1,2 .
Heterogeneous photocatalysis mediated by semiconductors has recently attracted much interest due to its efficient ability to convert solar energy to chemical energy mainly in applications in the field of environmental remediation. In particular, several studies have achieved good results for the degradation of pollutants emitted by fossil fuel vehicles. Due to the huge surface area covered and its vicinity to the exhaust gases from automobile, the photocatalytic road pavements are quoted as promising surfaces for the reduction (in the presence of sunlight and moisture/O2) of NOx, COx, HC and other pollutant gases present in the atmosphere [3] [4] [5] [6] [7] . For this reason, by the fact that the photocatalytic materials can degrade organic pollutants (like oils and greases), these materials could also be classified as self-cleaning materials. In this sense, the selfcleaning property can contribute to the reduction of accidents in oil-spilled areas.
BASIC PRINCIPLES OF PHOTOCATALYSIS
The initial step of semiconductor photocatalysis occurs when a photon with an equal (or greater) energy than the band gap energy is absorbed by the semiconductor material. In this case, succeeds the production of an electron (e -) in the conduction band (CB) and a hole (h + ) in the valence band (VB) of the semiconductor. The e -/h + photogenerated pairs can recombine in the bulk or at the surface releasing the absorbed energy as light or, more frequently, as heat. However, the charge carries can also be trapped at particular sites of the semiconductors before being transferred to the adsorbed species on their surface. For example, valence band holes can oxidize species like OHand conduction band electrons can reduce species such as O2 or H + , where all these species are often present in aquatic environments or in the atmosphere (moisture). Free radicals formed from these redox reactions that start at the semiconductor surface can cause the degradation of different pollutants (organic compounds, nitric oxides, among other) 8 .
Specifically, for the titanium dioxide, the semiconductor most widely utilized in the field of photocatalysis, their VB is mainly constituted by the oxygen 2p orbitals, whereas the CB is mainly formed by the 3d orbitals of the Ti 4+ cations 10 . In fact, more effective separation of the e -/h + pairs is achieved from the Ti defect states and surface Ti-O-Ti sites (or terminal Ti-OH), which can trap the eand h + , respectively. In general, oxygen vacancies 11 , surface Ti 3+ 12 , Ti interstitial or even ions in the lattice or in the near surface of TiO2 13 are responsible by formation of intra-bandgap energy levels, which are of great importance to retard the rate of e -/h + recombination process and at the same time it can enable the absorption of light by TiO2 not only in the ultraviolet but also in the visible region of the electromagnetic spectrum [14] [15] [16] .
The understanding of the charge carriers' kinetics and the associated energies of the VB and CB can be obtained from different characterization techniques. For example, diffuse reflectance spectroscopy studies analyzed in light of the Kubelka-Munk theory are commonly utilized to determine the bandgap of semiconductors. Time-resolved spectroscopy and electron spin resonance are applied to monitor the e -/h + pairs dynamics and to identify the radicals formed upon the transfer of the charge carriers 17 . Therefore, these results are essential for understanding the mechanisms underlying photocatalysis.
PHOTOCATALYTIC ASPHALT PAVEMENTS
Road pavements are ideal places for reducing air pollution because of its high paved areas as well as the close proximity between its surface and the gases emitted by the vehicles 18 . Fig. 1 schematizes the operational mechanism of the asphalt mixtures with photocatalytic ability, one of the most evaluated characteristics in multifunctional asphalt mixtures. In the literature about the photocatalytic capability applied on asphalt materials, it is possible to find quite a few works about conventional asphalt mixtures 3, 18 , asphalt mixtures with lower production temperature (Warm Mix Asphalt) 19 , asphalt emulsions 20 , among others. In addition, other topics have been studied, such as their application in real context or just small test sections [20] [21] [22] [23] [24] , and the computational modeling of the photocatalytic capability of road pavements 21 .
In order to obtain photocatalytic asphalt mixtures, it is possible to highlight four main techniques that can be utilized to apply the semiconductor materials in the asphalt mixtures: i) spraying coating 3, 6, 19, [25] [26] [27] , ii) volume incorporation 3, 27 , iii) bitumen modification 19 , and iv) spreading 27, 28 . Bitumen modification is developed before the fabrication of the asphalt mixture. The semiconductor particles are mixed just with the binder. The technique by volume incorporation is carried out during the asphalt mixture production where the particles are inserted combined with the aggregates. The spraying coating and the spreading process are applied over the asphalt mixture after its compaction. The first one, that is, the spraying coating, is carried out using a spray-painting gun and the second one (spreading process) is carried out by using a specific solution that is deposited over the surface like chip sealing or even using paintbrushes. There are other techniques to functionalize the asphalt mixtures, but probably entailing a greater degree of application difficulty and also leading to a higher cost of implementation in a real context, such as the use of the atmospheric plasma spraying technique 24 .
The first technique, i.e., the spraying coating, is the most efficient and uses less amount of semiconductor materials, but the immobilization of the semiconductor particles over the surface is a major challenge. The second and third functionalization processes, i.e., the volume incorporation and bitumen modification respectively, probably guarantee the best immobilization characteristics but uses more material compared with the other ones. Nevertheless, traffic abrasion is necessary to expose the semiconductor materials covered by bitumen. The modification technique improves the aging resistance of asphalt binders mainly due to the capability of the semiconductors reflect and absorb the UV light, which is the most important issue for the long-term aging process 19, [29] [30] [31] . Additionally, TiO2 nanoparticles as bitumen modifier decrease the acid component and increase the alkaline component and also the surface free energy of the asphalt binder, leading in improvements in the adhesion between the asphalt binder and the aggregate 32 .
Regarding the spraying coating technique, the literature reports the application of aqueous solutions 3, 6, 19, 25 and other ones with emulsions 20 , cement and resins 28, 33 , polymers 34 and rubber 22 in order to achieve a better immobilization process. An important concern that should be taken into account when it is desired to obtain photocatalytic aqueous solutions is the dispersion of the TiO2 nanoparticles; otherwise they may agglomerate and, consequently, decrease the photocatalytic efficiency. Some authors submitted TiO2 solutions to ultrasonic treatment 26, 27 or prepared aqueous solutions with a value of zeta potential different from the isoelectric point 3 . The previews preparation reduces the agglomeration of particles because of the van der Waals attraction forces that should be competing with the repulsive electrostatic forces 3 . For the preparation of the TiO2 aqueous solution, the recommendation is to use a pH 8 3 .
The semiconductor TiO2 activates the photocatalysis when it is irradiated with UV light from sunlight. Nevertheless, the sunlight is composed mostly of visible and infrared lights, having a very short UV light irradiance, only 3-5% of the solar spectrum corresponds to the UV range 35 . In this sense, one of the most important concerns reported in literature review to obtain improved photocatalytic materials is the doping of TiO2 particles with different materials in order to decrease its band gap to the wavelength range of visible light, thus promoting the degradation of pollutants when subjected to the incidence of photons in the visible range 26, 35 . So, in asphalt mixtures, the functionalization by La-doped 26 , Ce-doped TiO2 27 , both by ultrasonic assisted sol-gel and by N-doped 36 TiO2 by a simple mixing have been studied by several authors. The authors concluded that TiO2 doped with 0.5% of La 26 and 0.2% of Ce 27 presented the optimal photocatalytic efficiency. All these treatments could degrade NO under both ultraviolet and visible light.
In order to measure this capability, the literature presents tests of NOx degradation efficiency according to the standards ISO 22197-1 and JIS TR Z 0018 19, 27, 37 , and tests of photocatalytic efficiency by degradation of different organic dyes, such as methylene blue (MB) and Rhodamine B (RhB), using spectrophotometry 3, 4, 27 (Fig. 2) . Considering the first test, a gas flow (usually NO, NO2 or NOx) with a controlled concentration passes through a chamber where the sample is placed and also irradiated ( Fig. 2a ). The concentration of the gas is monitored at the outlet of the system. By using this procedure, the photocatalytic efficiency can be further evaluated. It is possible to control humidity, temperature, the light irradiation (wavelengths and intensity), flow rate, concentration, and other physical parameters. The second one, the organic dye degradation, the samples under study are immersed in a solution of dye (usually Methylene blue -MBor Rhodamine B -RhB) with a known initial concentration and monitoring over time the variation of the solution concentration exposed to light irradiation (Fig. 2b and c) . For this case, by applying the Beer-lambert law, the photocatalytic efficiency can be calculated from detected variations (decrease) in the maximum absorbance of the absorption spectrum acquired by optical spectroscopy. The photocatalytic efficiency can be influenced by several factors, such as pollutant flow rate and concentration, solar irradiation, humidity, environmental temperature, etc. Due to the action of traffic and wind speed, a reduction in NOx efficiency usually occurs in about 60% and 42%, respectively 23 . An increase of the solar irradiation also leads to the concomitant increase in the photocatalytic efficiency. The presence of excessive water inhibits the photocatalytic reaction as humidity competes with pollutants for adsorption over the surface, thus decreasing the photocatalytic efficiency 6, 23, 24 .
On the other hand, the increase of gas flow rate decreases the photocatalytic efficiency due to insufficient photocatalytic reaction under high gas flow velocity, because it diminishes the contact time between the reactants and the catalyst 6, 26 . Moreover, the concentration of the gas also influences the photocatalytic efficiency. The higher the concentration, the lower the photocatalytic efficiency 22, 26 . Shorter radiation wavelengths are more effective than longer wavelengths 22, 24 . It has also been observed a decrease in photocatalytic efficiency when the samples are submitted to higher temperatures, which can be explained by the higher kinetic energy of the molecules, thus accelerating their gasification and reducing the contact of the gas with the semiconductor material 22 .
Photocatalytic surfaces are also considered self-cleaning due to the ability to degrade organic pollutants, such as adsorbed oils and greases. Under a road safety context, this degradation can avoid problems of skidding caused when the pavements are contaminated by those organic compounds, thus contributing positively to the reduction of car accidents 3 .
CONCLUSIONS
The photocatalytic asphalt mixtures behave like smart materials since they present new capabilities when subjected to the action of light (optical interaction). These new capabilities are provided by the presence of semiconductors materials, such as TiO2 usually utilized at the nanometer scale and applied by using four main methods: spraying coating, bitumen modification, volume incorporation and spreading.
The semiconductor TiO2 activates the photocatalysis when it is irradiated with UV light from sunlight. Nevertheless, the sunlight is composed of only 3-5% of UV range light. Thus, many research efforts have been performed in order to decrease the energy band gap to the visible range of the electromagnetic spectrum; a strategy consists on the implementation of a TiO2-doping process with different chemical elements, aiming to obtain an improvement in the photocatalytic efficiency. Under the scope of road pavements, the photocatalytic efficiency can be evaluated by NOx degradation, and monitoring over time the variation of the concentration of a particular organic dye.
Some variables can influence the photocatalytic efficiency, such as pollutant flow rate and concentration, solar irradiation, humidity, and environmental temperature. In general, a high concentration of pollutants, high environmental temperature, high relative humidity, high gas flow rate, high traffic, and wind speed contribute to decreasing the photocatalytic efficiency. On the other hand, a high level of solar irradiation increases photocatalytic efficiency. In addition, the incidence of photons with higher energy becomes more effective than photons with longer wavelengths.
It can be concluded that photocatalytic road pavements are very important since they can be used in places where there are high emissions of pollutants (typically in areas with a high density of urban mesh), since these modified road structures are characterized by having a big surface area and therefore have great potential to effectively promote photocatalytic a) b) c)
reactions with the surrounding pollutants and thus, contributing to improving the health conditions of the populations that live in those great urban centers. However, in real context scenarios (functionalized pavements with great extension -tens or hundreds of kilometers) the application experience is unsatisfactory, and problems associated with the surface immobilization of the semiconductor materials needs further studies.
